Background Validation of the prognostic value of the SIOPEN mIBG skeletal scoring system in two independent stage 4, mIBG avid, high-risk neuroblastoma populations.
relationship between score and EFS. Ultimately, a cutoff score of ≤3 was the most useful predictor across trials. A SIOPEN score ≤ 3 pre-induction was found in 15% SIOPEN patients and in 22% of COG patients and increased post-induction to 60% in SIOPEN patients and to 73% in COG patients. Baseline 5 yr.-EFS rates in the SIOPEN/HR-NBL1 cohort for scores ≤3 were 47% ± 7% versus 26% ± 3% for higher scores at diagnosis (p < 0.007) and 36% ± 4% versus 14% ± 4% (p < 0.001) for scores obtained post-induction. The COG-A3973 showed 5 yr.-EFS rates for scores ≤3 of 51% ± 7% versus 34% ± 4% for higher scores (p < 0.001) at diagnosis and 43% ± 5% versus 16% ± 6% (p = 0.004) for post-induction scores. Hazard ratios (HR) significantly favoured patients with scores ≤3 after adjustment for age and MYCN-amplification. Optimal outcomes were recorded in patients who achieved complete skeletal response. Conclusions Validation in two independent cohorts confirms the prognostic value of the SIOPEN skeletal score. In particular, patients with an absolute SIOPEN score > 3 after induction have very poor outcomes and should be considered for alternative therapeutic strategies.
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Background
Neuroblastoma is the most common extra-cranial solid tumour in children. High-risk neuroblastoma (HR-NBL), defined by metastatic disease above the ages of 12-18 months [1, 2] , amplification of the proto-oncogene MYCN (MYCNA) at any age, and unfavourable histopathologic features [3, 4] are associated with long-term survival rates of 40% [5] [6] [7] . Internationally agreed treatment options for HR-NBL include induction multi-agent chemotherapy, surgery, high dose chemotherapy (HDT) followed by autologous stem cell transplantation (ASCT), external beam radiotherapy, radionuclide therapy, differentiation therapies, and immunotherapy.
Accurate disease staging is essential to optimise treatment. Meta-iodobenzylguanidine (mIBG) is a norepinephrine analogue taken up by neuroblastoma cells. Iodine-123 ( 123 I) or Iodine-131 ( 131 I) labelled mIBG scintigraphy is recommended to assess disease extent in accordance with International Neuroblastoma Risk Group (INRG) guidance [8] [9] [10] .
The International Society of Paediatric Oncology European Neuroblastoma Group (SIOPEN) is a network of 183 paediatric oncology treatment centres in 22 countries [11, 12] . The SIOPEN semi-quantitative mIBG skeletal scoring system has previously been shown to have excellent inter-and intra-observer reproducibility and to provide a reliable prognostic indicator in neuroblastoma [13] . The present study aimed to validate the SIOPEN scoring system as a prognostic response predictor in two independent trial populations.
Methods
Newly diagnosed stage 4 HR-NBL patients with mIBG-avid disease enrolled on the SIOPEN/HR-NBL1 [ClinicalTrials. gov(NCT00030719) and EudraCT (2006-001489-17) ] and the Children's Oncology Group (COG)-A3973 trial [ClinicalTrials.gov NCT0000418] were the two populations used for retrospective validation of the SIOPEN semiquantitative mIBG skeletal scoring system. Planar images acquired 24 h after 123 I-mIBG or 131 I-mIBG administration were collected and scored at diagnosis and at the end of induction chemotherapy. SPECT images were not used for scoring. Briefly, the SIOPEN method scores skeletal disease extent within 12 body segments on a 0 to 6 scale ( Fig. 1) giving a maximum score of 72 [13] . The SIOPEN methodology showed a 95% concordance in a blinded review by six nuclear medicine physicians [13] . The mIBG scans from SIOPEN/ HR-NBL1 and COG A3973 were reviewed independently by a team of eight SIOPEN Nuclear Medicine investigators, scoring in pairs by consensus the pre and post-induction scans of each patient from both patient cohorts. Poor quality (i.e. often 131 mIBG scans) and incomplete data sets (i.e. missing lateral skull views) were excluded. No clinical information was provided other than the primary tumour site. Soft tissues (ST) other than the primary tumour were scored in each body segment assigning the following scores: zero for no abnormality, one for a solitary, two for 2 and three for >2 lesions.
Patient flow and characteristics are shown in Annex 1 and Table 1 . MIBG image data sets were judged to be of poor quality and/or incomplete in 72/413 (17.4%) patients of the SIOPEN/HRNBL1 trial and in 64/280 (22.9%) patients of the COG A3973 trial (Annex 1). Both trial designs are summarised in Fig. 2 and are fully described elsewhere [11, 12, 14, 15] . I-131-mIBG therapy was not part of treatment in either of the two protocols. Inclusion criteria differed slightly between trials primarily in the younger age groups. The SIOPEN/HR-NBL1 high-risk criteria included eligible patients as those with INSS stage 2 to 4, <12 months with MYCNA, or metastatic neuroblastoma >12 months, all up to an age < 21 years at diagnosis. COG-A3973 required at least one unfavourable biological feature (MYCNA, unfavourable pathology, and/or DNA index = 1) for stage 4 patients 12-18 months and MYCNA for stage 4 < 12 months. Both cooperative groups used intensive induction regimens [11, 14, 15] aimed for gross resection of the primary tumour (at different time points), applied HDT/ASCT local radiotherapy and subsequent maintenance therapy with isotretinoin. SIOPEN/HR-NBL1 patients underwent HDT/ASCT if in complete or partial response (CR/PR) with ≤3 mIBG avid sites and >50% reduction of mIBG avid osseous lesions while COG-A3973 patients in CR/PR post-induction were eligible to proceed to HDT/ASCT regardless of the number of residual mIBG-avid sites. Immunotherapy with anti-GD2 monoclonal antibody was only given to a minority of patients (Table 1) [16, 17] .
Both trials were approved by their respective institutional review boards or national ethical lead committees, and written informed consent was obtained from patients (or legal guardians) prior to study entry according to national and institutional guidelines. 
Statistical analysis
For event-free survival (EFS), time to event was defined as the time from the pre-induction mIBG scan until the time to relapse, progressive disease, secondary malignancy, or death.
Patients alive without event were censored at the time they were last known alive. The time to event post-induction was calculated from the post-induction mIBG scan date. Only patients with positive skeletal baseline scans were included in the post-induction analysis. Patients with an event between the date of diagnosis and the date of post-induction mIBG scan were excluded from the post-induction analysis. Survival analyses were performed using the methods of Kaplan and Meier [18] , with standard errors per the methods of Greenwood [19] . EFS is presented as the rate ± standard error. The prognostic value of mIBG score upon survival was assessed using a log-rank test Cox proportional hazards (PH) model [19] . The latter was also used to adjust for MYCNA and age, where age was included as a linear predictor in the model.
Several approaches were employed to explore the relationship between score and EFS. First, restricted cubic splines [20] were used to estimate the non-linear relationship between skeletal score and hazard ratio (HR). Second, time-dependent receiver operating characteristic (ROC) curves for censored survival data as developed by Heagerty [21, 22] were used to investigate the prognostic value of the scoring system. The area under the ROC curve (AUC) was used to characterise the ability of the scoring system to distinguish between patients with and without event at 5 years. Third, an analysis was performed, using tertiles of the total SIOPEN score. Fourth, the prognostic value of the threshold score of 3 [12] was tested. Fifth, a grid search to identify an optimal cut point was conducted aligned with the Youden-Index approach previously used by the COG group [23, 24] . The Youden-Index was based on estimates for sensitivity and specificity of the timedependent ROC-method [22] .
Finally, the percentage change from diagnostic to postinduction scans was calculated.
Analyses were performed in SAS9.3 (SAS Institute, Cary, NC, USA) and R [25] . p-values less than 0.05 were considered statistically significant.
Results
Cohort characteristics (Table 1) In SIOPEN/HR-NBL1, 341 patients with mIBG-avid primary tumours at baseline were available for review (Table 1) . MIBG scans from 307 patients were evaluable for review post-induction, of whom 68% underwent HDT/ASCT onstudy, 17% received altered HDT/ASCT (phase II) offprotocol and 15% who did not undergo HDT/ASCT. For post-induction analysis, 28 patients without skeletal uptake at diagnosis were excluded. The COG-A3973 dataset comprised 216 baseline mIBG scans of stage 4 patients with mIBG-avid primary tumours, with 140 mIBG scans evaluable post-induction, of whom 89% underwent HDT/ASCT with CEM (Fig. 2) . The SIOPEN cohort had a higher proportion of patients age > 5 years, but a significantly lower number of patients with mIBG-negative skeletal uptake at baseline. The distribution of MYCNA and patients ≤18 months was comparable in the trials. In the analysis data set, only 20 patients in SIOPEN/ HR-NBL1 and 24 in COG-A3973 had received immunotherapy [16, 17] .
Five-year EFS from diagnosis for the two cohorts was 29% (SD ±3%) for SIOPEN/HR-NBL1 patients and 38% (SD ± 3%) for COG-A3973 (p = 0.165). There was no difference between patients included in the current analysis, compared with the rest of the population treated on SIOPEN/HR-NBL1. For COG-A3973 no difference was found between all study participants compared with the analysed cohort (Annexs 1 and 2 ).
SIOPEN/HR-NBL1
COG-A3973 Fig. 3a) . ROC analysis demonstrated a higher probability of events in patients with rising baseline mIBG scores in both cohorts: AUC 0.602 and 0.606 for COG and SIOPEN, respectively. The risk of an event compared with baseline score is shown in Fig. 3b . Both cohorts exhibited a nonlinear increase in risk of events with rising SIOPEN score.
Flattening of the curve with higher scores was observed. Grouping according to tertiles of the maximum score at diagnosis (Fig. 3c) found superior EFS in the lowest score group in both cohorts. An intermediate risk category was identified in the COG cohort, but not in SIOPEN patients.
Using the Youden-Index [23, 24] , different SIOPEN score cut points were found with the two cohorts at diagnosis; 11 for SIOPEN/HR-NBL1 and 39 for COG-A3973 patients.
Applying the threshold of ≤3 mIBG-avid skeletal spots resulted in significant EFS differences in both trials (Fig.  3d) . In the SIOPEN cohort, the 5 yr.-EFS was 47%(±7%) for children with baseline scores of ≤3 versus 26(% ± 3%) for higher scores (p = 0.007). The corresponding results in the COG-A3973 cohort were 5 yr.-EFS rates of 51% (±7%) and 34% (±4%), respectively (p < 0.001). After adjustment for age and MYCNA, the hazard ratios (HR) showed a higher risk for patients with scores of >3; specifically1.74 fold for SIOPEN/HR-NBL1 (95% CI: 1.12-2.70; p = 0.013) and 1.73 for COG-A3973 (95% CI 1.05-2.86; p = 0.032).
Patients presenting with mIBG-avid disease at diagnosis, but without skeletal involvement (Table 1) , i.e. a pre-induction score of zero, had a favourable prognosis with 5 yr.-EFS of 46%(±10%) for SIOPEN/HR-NBL1 and 52%(±8%) for COG-A3973.
SIOPEN skeletal mIBG score post-induction chemotherapy and 5 yr.-EFS (Fig. 4) Of 307 SIOPEN-patients evaluable for post-induction scoring, 283 had pre-induction scores >3, which improved to a postinduction score of ≤3 in 57% (163/283 patients). Of 140 COG patients evaluable for post induction scoring, 133 had preinduction scores >3, which improved to a post-induction score of ≤3 in 71% (95/133 patients). Figure 4a illustrates the efficacy of induction treatment on skeletal tumour burden in both cohorts. A significantly higher proportion of COG patients (56%) achieved complete skeletal remission compared with 37% of SIOPEN patients (Table 1) (p = 0.001).
The predictive value of the post-induction SIOPEN score in the ROC analysis was higher in both groups, with a higher AUC of 0.628 and 0.660 for the SIOPEN/HR-NBL1 and COG-A3973 datasets, respectively. Higher post-induction scores correlated with poorer outcome in both cohorts, but only very low post-induction score values predicted a favourable outcome. Again, a nonlinear relationship between score values and 5 yr.-EFS was observed (Fig. 4b) .
Analysis based upon tertiles of the maximum score of 72 showed a very limited sample size at the highest tertile, but a significant difference between the other two tertiles in both trial populations (Fig. 4c) .
The Youden-Index showed an optimal cut-point = 3 for SIOPEN/HR-NBL1, whereas the optimal cut-point was 0 for the COG-A3973 cohort.
The predefined score threshold of 3 was reliable in both cohorts: 5 yr.-EFS was 36%(±4%) for scores of ≤3 versus 14%(±4%) for higher scores (p < 0.001) in the SIOPEN/HR-NBL1 cohort and was 43%(±5%) vs. 16%(±6%) in the COG-A3973 cohort (p = 0.004) (Fig. 4d ). All differences were maintained after adjustment for age and MYCNA. Patients with scores of >3 fared significantly worse as demonstrated by a HR of 1.53 (95% CI: 1.12-2.13; p = 0.008) for SIOPEN/ HR-NBL1 and a HR of 1.92 (95% CI 1.09-3.44; p = 0.023) in the COG-A3973 population.
A significantly better outcome was found in both trial cohorts for patients with mIBG skeletal positivity at diagnosis, but subsequent complete clearing of skeletal lesions (postinduction score 0) (Fig. 5) . However, patients without complete clearing of skeletal disease post-induction showed no significant difference in EFS, based upon the percent change in SIOPEN score from diagnosis to post-induction scans for patients with both sets of mIBG scan readings. SIOPEN soft tissue scores The incidence of ST-lesions other than the primary tumour pre-and post-induction was low in both cohorts, and hence results were summarised as either negative or positive (Table 1) with pre-induction rates of <20% and post-induction incidence <10%. ST-scores showed a high correlation with skeletal scores (p < 0.001) in both trial cohorts. No significant (NS) influence of ST on outcome was detectable after adjustment for ST. In the SIOPEN group 5 yr.-EFS rates pre-and post-induction were for ST negative 29%(±3%) and 29%(±3%)(NS) and for ST positive ones 30%(±6%) and 15%(±7%)(NS). In the COG-A3973 5 yr.-EFS rates pre-and post-induction were for ST negative 39%(±4%) and 37%(±4%)(NS) and for ST positive 34%(±8%) and 12%(±12%)(NS).
Discussion
Two semiquantitative mIBG scoring systems have been developed to evaluate tumour burden in high-risk neuroblastoma, the SIOPEN and Curie scoring systems. An International Neuroblastoma Risk Group (INRG) task force led by Matthay et al. [10] has examined both methodologies as a potential prognostic marker for outcome determination. The SIOPEN scoring methodology is currently being used in SIOPEN highrisk neuroblastoma trials, with Curie scoring used in COG SIOPEN/HR-NBL1 trials. We have shown here that the SIOPEN mIBG score is highly prognostic of outcome in two independent data sets, SIOPEN/HR-NBL1, and COG-A3973.
In a prior COG review of COG-A3973, COG investigators [24] were unable to identify a mIBG (Curie) score at diagnosis that correlated with outcome. In contrast, using diagnostic scans from the same data set (COG-A3973) we have now shown that a SIOPEN score ≤ 3 is associated with improved 5-yr. EFS, when compared SIOPEN scores >3 at diagnosis, with similar results found in the SIOPEN/HR-NBL1 cohort. Based on only a small population of 58 patients, a SIOPEN cut point of 4 at diagnosis was previously proposed by the Cologne Interscore Comparison Study [26] . Importantly, our results presented here are based on more than 500 intercontinental patients. One may question if the HR-NBL1/SIOPEN eligibility criteria for HDT/ASCT have influenced the cut of value of 3. However, the independent data set of the COG-A3973 trial allowing responding patients to proceed to HDT/ASCT regardless of the number of residual mIBG-avid sites confirmed the SIOPEN methodology. In the small, better prognosis subgroup with a SIOPEN score ≤ 3 at diagnosis, the early favourable signal for outcome may prevent choosing additional treatment intensification where severe toxicities may outweigh potential benefits. However, a post-induction SIOPEN score > 3 identifies an ultra-high risk group of patients in need of innovative and/or intensified treatment strategies.
Yanik et al. [24] previously reported the prognostic significance of post-induction Curie scores in high risk neuroblastoma in the COG-A3973 data, with 3-yr. EFS of 44.9% vs. 15.4% for patients with Curie scores ≤2 vs. >2 post-induction. This result has now been validated on the HR-NBL1/SIOPEN trial population [27] . For comparison, in the COG-A3973 cohort, a SIOPEN score > 3 post-induction was associated with inferior survival (5-yr. EFS 16%) when compared with a SIOPEN score ≤ 3 post-induction (5-yr. EFS 43%). In SIOPEN/HR-NBL-1 inferior survival was likewise associated with post-induction SIOPEN scores >3. Due to differences in scoring methodology between the two systems, a Curie score of 2 cannot be directly translated to a SIOPEN score of 3, but both reflect limited metastatic disease burden. Clearly, patients with a complete clearance of their skeletal disease to a SIOPEN score of zero had the best outcomes in both trial populations, similar to the prior study of Curie score in A3973. However, in patients with incomplete clearance of skeletal disease, no prognostic subgroups based on the percentages of response were detectable. Apparently depth of response is not a good discriminant of outcome prediction, as patients with extensive initial involvement may individually have a response >75%, but a SIOPEN score above 3. We found that the absolute score was a better predictor of outcome than the relative score [10] .
Improved outcomes were previously reported for patients achieving a complete skeletal response following induction chemotherapy [24, 26, 28] . However, it is the cut-off score of >3 post-induction that clearly discriminates an actionable decision point for altered innovative strategies in a very poor prognosis group. The higher rate of complete skeletal disease remission in the COG A3973 trial suggests that the COG A3973 induction regimen is more effective in clearing skeletal disease than the SIOPEN induction regimen, either due to the inclusion of anthracyclines in COG A3973 or related to the longer duration of induction therapy [6, 11, 12, 14, 29] . SIOPEN currently is addressing the induction question by randomising Rapid COJEC [11] against the modified N7 [29] regimen, but results are not yet complete. Future further treatment intensification may include the introduction of ch14.18/CHO antibody during induction or the early use of mIBG treatment. Upfront mIBG treatment as standard of care in a collaborative trial may be hampered by the logistics of performing such therapies in newly diagnosed patients since only a few treating centres are available in Europe and the US. However, tandem HDT as recently reported [30] raises hope that intensification of treatment intensities with mIBG treatment as part of a tandem approach may allow improved survival rates particularly in the ultra-high-risk neuroblastoma patients. These strategies are currently the subject of trials within both North American and European cooperative groups.
Though distinct differences in both the study design and patient demographics existed between the two trials (Table 1) , the prognostic impact of SIOPEN scores in stage 4 high-risk neuroblastoma remained. By focusing on metastatic skeletal uptake only, the SIOPEN scoring method offers three advantages. First, it avoids the difficulties in assessing soft tissue disease from two dimensional planar images, particularly if SPECT and SPECT/CT techniques were not applied. The potential influence of soft tissue lesions other than the primary tumour was investigated. A low incidence and a high correlation with the skeletal score were observed in both populations without any independent prediction power, hence justifying not considering ST lesions. Second, different study guidelines may produce confounding results if the primary tumour site is not separated out from the overall score. In SIOPEN/HR-NBL1, mIBG scans were obtained preoperatively at the end of induction, to determine if surgery or further cycles of chemotherapy (TVD) [15] should be given. In contrast, the post-induction scans in the COG-A3973 population were obtained after removal of the primary tumour. Third, the 12 body segments of the SIOPEN score allow a straightforward attribution of skeletal scores to anatomic regions, facilitating a rapid review process and providing information regarding laterality. Nonetheless, the prognostic significance and cut points of the two scoring methods are similar.
Various approaches were tested to identify a reliable and straightforward prognostic SIOPEN score cut-point. ROCanalysis yielded a higher AUC following induction chemotherapy, underlining that the prognostic impact of the SIOPEN score is stronger post-induction than at diagnosis. This is consistent with previous reports from the COG investigators using the Curie score. A gradual, non-linear trend towards an increased risk of event was observed with rising SIOPEN score. The latter explains why a single consistent cut point across time points and data sets was not identified when applying the Youden-Index. The Youden-Index methodology was not robust across the two trials in providing unique cut points for diagnosis and post-induction. Overall a flattening of risk in the higher score ranges emphasised that the risk is not proportionally increased with high SIOPEN scores. A favourable SIOPEN score risk discrimination occurred only at the lower skeletal score range and was in agreement with a previously clinically chosen cut point of three [31] .
Conclusions
This analysis of two independent HR-NBL trials confirms the predictive value of the SIOPEN skeletal score method based on absolute scores at diagnosis and at the end of induction therapy. In particular, the post-induction skeletal score > 3 allows the identification of a very poor prognosis patient group requiring altered treatment strategies. Work is in progress to integrate these findings within a unified international consensus mIBG scoring method for global use in the paediatric oncology community based on the close collaborative work of COG and SIOPEN. 
